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Spores of Aspergillus nidulans (top) and Streptomyces coelicolor (bottom) fungi that are covered by a thin layer of hydrophobin proteins.
Adapted with permission from ref. 240.

4
Observation of pH-induced Protein Reorientation at
the Water Surface*

Hydrophobins are surface-active proteins that form a hydrophobic, water-repelling
ﬁlm around aerial fungal structures. They have a compact, particle-like structure, in
which hydrophilic and hydrophobic regions are spatially separated. This surface property renders them amphiphilic and is reminiscent of synthetic Janus particles. In this
chapter, we report surface-speciﬁc chiral and non-chiral vibrational sum-frequency
generation spectroscopy (VSFG) measurements of hydrophobins adsorbed to their natural place of action: the air-water interface. We observe a reversible change in the orientation of the hydrophobins at the interface when the pH is varied. We explain this
local orientation toggle from the modiﬁcation of the inter-protein interactions and the
interaction of hydrophobin with the water solvent, following the pH-induced change
of the charge state of particular amino acids.

4.1 Introduction
Hydrophobins are the most surface-active proteins known and are exclusively produced by ﬁlamentous fungi 75 . In nature, hydrophobin assemblies act to reduce the
surface tension of aqueous environments, which otherwise can be a barrier to the
growth of hyphae into the air and subsequent spore production 241,242 . Hydrophobin
*
This chapter is based on: K. Meister† , S. J. Roeters† , A. Paananen, S. Woutersen, J. Versluis, G. R. Szilvay,
and H. J. Bakker, The Journal of Physical Chemistry Letters 8 (8), pp. 1772-1776 (2017). † These authors contributed
equally to the study (SJR calculated the VSFG spectra, deduced the protein conformation and orientation, and
co-wrote the manuscript).
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monolayers further provide a water-repellent coating on aerial hyphae, fruiting bodies, fungal-spores and gas cavities in lichens 243 . The success of hydrophobins is witnessed by their wide distribution among fungi and their use in various technological applications such as stabilization of foams, dispersal of hydrophobic substances,
and puriﬁcation of recombinant proteins 244,245 . At the air-water interface class-II hydrophobins form stable, highly-ordered assemblies that show an exceptionally high
surface elasticity (~1000 mN/m) which is much larger than reported for other proteins (typical values ~100 mN/m) 246,247 . Much effort has been devoted to understanding the unique surface properties of hydrophobins, and progress has been made in
resolving their microscopic ﬁlm structures, in particular by transferring the interfacial ﬁlm on solid support substrates 246,248 . However, surface-speciﬁc information on
hydrophobins in aqueous solution is lacking, and thus the relation between the interfacial hydrophobin structure and the properties of hydrophobin ﬁlms is still poorly
understood 244 . A hydrophobin protein is characterized by a pattern of eight cysteine
residues that form intramolecular disulﬁde bonds and stabilize a rigid fold, as illustrated in ﬁg. 4.1a. The overall structure of the protein is compact, with a central β-barrel
accommodated by an α-helical structure and an unusually large solvent-exposed hydrophobic region 249,250 . This hydrophobic patch comprises ~18% of the total surface
area and renders hydrophobins amphiphilic 250 . Here, we investigate the surface-behavior
of two class II hydrophobins from the fungus Trichoderma reesei (HFBI and HFBII) using
a combination of surface-speciﬁc sum-frequency generation techniques and spectral
calculations. Liquid surfaces can be probed with high selectivity using vibrational surface sum-frequency generation spectroscopy (VSFG), as discussed in section 2.3.2.1. In
this technique an infrared light pulse and a visible pulse are combined at a surface to
generate light at their sum-frequency 172 . The sum-frequency generation is enhanced
in case the infrared light is resonant with a molecular vibration at the surface. The
technique is bulk forbidden due to symmetry, and only ordered interfacial molecules
generate a detectable signal, thus making VSFG a highly surface-speciﬁc technique.
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Figure 4.1. Crystal structure of HFBI and VSFG spectra of the air-water interface of a 14 μM aqueous solution (pH 7) of HFBI (black) and HFBII (blue) at room temperature. (a). Hydrophobins threedimensional structure that consists of a β-barrel core, a small α-helix and a distinguishable hydrophobic patch (colored in green). Basic and acidic residues are annotated and highlighted in blue
and red, respectively. (b-c) VSFG spectra of HFBI and HFBII in the SSP polarization (s-SFG, s-VIS, pIR) contain several signals associated with the protein. (d-e) VSFG spectra of HFBI and HFBII in PSP
polarization (s-SFG, s-VIS, p-IR) show signals centered at ~1640 and ~1660 cm-1 that are associated
with the central β-barrel of hydrophobins.
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4.2 Results
Figure 1b-c shows VSFG spectra of 14 μM solutions of the class-II hydrophobins HFBI
and HFBII in water (pH 7, 20◦ C) at the air-water interface in the frequency regions from
1400-1800 cm-1 , measured in the achiral SSP (s-SFG, s-VIS, p-IR) polarization conﬁguration (see ﬁg. 2.9 for the deﬁnitions of the polarizations). In this region we identify
several bands that are associated with the interfacial hydrophobin ﬁlms. We assign the
band centered at ~1410 cm-1 to the symmetric stretch vibration of carboxylate groups
and the band at ~1450 cm-1 to C-H bending vibrations 251 . Signals around 1530 cm-1 are
associated with the amide-II mode and consists mostly of the out-of-phase combination of the N-H in-plane bend vibration and the C-N stretching vibration 127 (see also
chapter 2). Signals between 1600 and 1700 cm-1 are assigned to amide-I vibrations and
arise primarily from the C=O stretching vibration of the protein backbone. The amideI region is well-known to be sensitive to the secondary structure of a protein 127,220,221
(see also chapter 2). For both hydrophobins we observe strong, narrow signals centered at ~1675 cm-1 . Following literature assignments for ideal structures, the peak
at ~1675 cm-1 could be assigned to a combination of the B1 mode of the antiparallel βsheets (typically centered at 1685 cm-1 ) and β-turn elements (typically centered at 1665
cm-1 ) 252–254 . Following a similar approach, the weaker bands at ~1635 and ~1650 cm-1
can be assigned to the B2 mode of antiparallel β-sheets 221 , and to the A and E1 mode of
α-helices 220 , respectively.
We measured chiral VSFG spectra (cVSFG) in the amide-I region using the PSP (pSFG, s-VIS, p-IR) polarization conﬁguration (ﬁg. 4.1c-d). Chiral VSFG spectra have as
an advantage that the achiral resonances, including the water vibrations, are not observed. Hence, chiral VSFG spectra form an ideal means to identify chiral secondary
structure elements of proteins at interfaces 255–257 . In the amide-I region, only β-sheet
structures give rise to cVSFG signals 256,258 . The measured cVSFG spectra show a peak
at ~1640 cm-1 and a shoulder at 1660 cm-1 . For ideal secondary-structure elements,
peaks at ~1640 and 1660 cm-1 can be assigned to the B2 mode of antiparallel β-sheets
and to β-turn elements, respectively 221 . Overall, both proteins show very similar VSFG
spectra as expected for proteins with similar three-dimensional structures (see appendix ﬁg. 4.A.1). Both the conventional (achiral) and the chiral VSFG data show the
presence of a highly-ordered interfacial protein structure that is rich in β-sheet. The
observation of chiral VSFG bands further conﬁrms that hydrophobins remain in a wellordered fold upon interface adsorption, as the unfolding of the VSFG active secondary
structure elements would reduce chirality and hence the cVSFG signals 256 .
We examined the effects of a change in environmental conditions on the structure
of the hydrophobin ﬁlms. Hydrophobins are known to be extremely stable and to withstand high temperatures, a broad range of pH values, and high concentrations of common denaturants 259 . Interestingly, changing the pH of the solution does have a strong
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1250 cm-1 . The exchange of H2 O for D2 O did not lead to a change of the pH dependence
of the measured spectra (appendix ﬁg. 4.A.4), which demonstrates that the strong dependence of the VSFG spectra on the pH value does not result from interference of the
protein signals with the water background. We also observed pH-dependent spectral
changes in the PSP polarization conﬁguration where the inﬂuence of water is negligible. We further rule out signiﬁcant contributions from the non-resonant background
since hydrophobins generate relatively strong VSFG signals at the interface.
We thus explain the observed pH-dependent spectral changes of the amide-I VSFG
spectra by a reorientation of hydrophobin molecules at the interface. To quantify the
pH-induced orientational changes, we compare the measured spectra in the amide-I
region with spectral calculations as shown in ﬁg. 4.3. Our calculations show that the
experimentally observed changes can be reproduced well with different protein orientations for the different pH values. The calculated VSFG response is found to be very
sensitive to the protein’s orientation, because the orientation determines how the different amide-I vibrational modes of the protein interfere to give rise to the total VSFG
signal. By performing a global ﬁt of the calculated VSFG response of the SSP and PSP
data we ﬁnd that for neutral pH the hydrophobicity vector of the protein (see Experimental details) is not far from the surface normal (θ = 26.8◦ ± 2.3◦ and ψ = 213.6◦ ± 5.3◦ ).

We integrate φ from 0 to 360◦ to account for the azimuthal symmetry of the surface.
When the pH is lowered the hydrophobicity vector protein tilts away further from the
surface normal, to θ = 43.6◦ ± 10.4◦ and ψ = 271.0◦ ± 10.1◦ .

From the comparison of the experimental and calculated spectra we conclude that

the orientation angle θ of the protein changes by ~20◦ (from ~25◦ to ~45◦ ) when the
pH is decreased from alkaline to acidic values. At the same time, the rotation angle ψ
around the long axis of the protein changes by ~60◦ (from ~210◦ to ~270◦ ). As a result of
this change in protein orientation, the eigenmodes of the various secondary-structure
elements interfere differently, leading to the observed spectral changes as a function
of pH.
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Solvation interactions with water will be strongest for carboxylate groups (COO-),
as these groups can form strong hydrogen bonds with surrounding water molecules.
Indeed, at high pH values we observe a signal at ~1410 cm-1 , corresponding to the symmetric stretch vibration of COO-, which vanishes at acidic pH values due to protonation
(appendix ﬁg. 4.A.6). At low pH we also observe a shoulder in the spectrum at ~1725
cm-1 , which we assign to the C=O stretch vibration of carboxylic-acid groups. The more
upright position of hydrophobin at neutral and high pH can thus be explained from the
fact that the Asp30, Asp40, Asp43 residues are deprotonated at these pH values. The
resulting carboxylate groups are better solvated when the residues Asp40 and Asp43
are more deeply immersed in the water solvent, which corresponds to a more upright
orientation of the protein. At low pH, the Asp40 and Asp43 residues are in their neutral (carboxylic-acid) state, which weakens the solvation interactions, thus explaining
a more tilted orientation of the protein.
At low pH values we observe little intensity in the part of the amide-I spectrum that
corresponds to ideal α-helical structures (~1650 cm-1 ). At alkaline pH the intensity at
this frequency increases, leading to a redshift of the main band at 1680 cm-1 and a blue
shift of the weaker band at 1630 cm-1 . A similar spectral changes in the amide-III region (ﬁg. 4.A.7), where the signal at ~1300 cm-1 , typically assigned to α-helical structure,
is weak in amplitude at low pH and gains in intensity at higher pH values. Tsuboi et
al. have shown that the amide-I and -III Raman tensors (deﬁned with respect to the αhelical axis) have approximately the same principal components apart from an overall
scaling factor 139 , and also the VSFG response of an ideal α-helix is similar: the ratios
between the XXZ, XZX and ZZZ components are the same for the α-helical amide-I 220
and amide-III 264 A and E1 modes. Therefore, the increase in intensity of VSFG signals
associated with ideal α-helical structures (~1650 cm-1 in the amide-I region, ~1300 cm-1
in the amide-III region) with increasing pH probably have a common origin: the aforementioned change of the orientation of the hydrophobin molecules. However, to make
such a statement with more certainty for this non-ideal protein structure, spectral calculations of the amide-III are necessary.
A special role in the inter-protein interactions may be played by intermolecular salt
bridges between negatively charged carboxylate groups of the Asp residues and the
positively charged side groups of the lysine and arginine residues 246,248 . These salt
bridges can best form at near-neutral pH values and can contribute to the intermolecular connectivity of hydrophobins. At low pH the carboxylate groups are neutralized to
carboxylic acid groups, which implies that the salt bridges are disrupted, which likely
leads to a decrease of the strength of the inter-protein interactions. In the fungal aerial
structures, where liquid water is absent, the salt bridges are strong and may have an
important role in maintaining a coherent ﬁlm and thus water-repellency. As single
hydrophobins often have multiple biological roles (e.g. lowering the surface tension
and coating different fungal structures) it might be beneﬁcial if the ﬁlm properties can
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4.3 Discussion and conclusion

be ﬁne-tuned to suit the diverse biological functions. In this respect it is interesting to
note that changes in the pH of the fungal surrounding elicited by cell metabolism alter
hydrophobin ﬁlm structure and elasticity 247 , and that this mechanism thus may play
an important role in the fungal development.
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4.4 Experimental details
4.4.1 VSFG experiments
We performed measurements both in buffered systems (constant ionic strength) (100 mM phosphate buffer, 50 mM acetate buffer) and in pure H2 O/D2 O and observed a similar pH-dependence
for the buffered system as for pure water. The pH was adjusted by adding sodium hydroxide or
hydrochloric acid and samples were routinely checked (with a Mettler Toledo FE20) before and
after each measurement. The pH values were changed either directly in the trough, or by preparing HFBI solutions at different pH values. Both methods resulted in similar spectral changes.
The typical acquisition time of a VSFG spectrum was 600s. Class II hydrophobins HFBI and HFBII
were provided by VTT research and puriﬁed as described elsewhere 250,265 .

4.4.2 Determination of the protein orientation via spectral VSFG calculations
We ﬁrst determined the hydrophobic moment vector (HMV), or ‘hydrophobicity vector’, of HFBI
(PDB-entry 2FZ6) by ﬁnding the average location of the hydrophilic and hydrophobic parts of the
molecule and set the vector from the latter to the former 266,267 . We deﬁne (θ =0◦ , ψ=0◦ , ψ=0◦ ) so
that the HMV is parallel to the surface normal (a position expected to be energetically favorable
because most hydrophobic residues are outside the water, pointing into the air). We then perform
spectral calculations as described in chapter 2.

4.4.3 Error estimation and optimization of the spectral ﬁt parameters
The presented ﬁts consist of a global ﬁt that includes both SSP and PSP data. The signal intensity
of the SSP signal is much higher than the PSP signal, resulting in a much higher sensitivity of
the ﬁt parameters to the SSP spectrum than to the PSP spectrum. Performing a ﬁt solely to the
PSP data yields good agreement with the experimental data with parameters that are similar to
those resulting from the global ﬁt: θ = 32◦ ± 6◦ and ψ = 229◦ ±10◦ at high pH, and θ = 40◦ ±10◦ and
ψ = 276◦ ±10◦ at low pH. For comparison, the global ﬁt results in θ = 27◦ ±3◦ and ψ = 214◦ ±5◦ at
high pH, and θ = 44◦ ±10◦ and ψ = 271◦ ±10◦ at low pH.
The uncertainties were determined by testing by how much θor ψ must be changed so as to
increase the residual sum of squares (RSS) by 100% after re-optimizing all other parameters (appendix ﬁg. 4.A.8). We performed a grid search from 0 – 180◦ for θ and 0 – 360◦ for ψ with 10◦
intervals to make sure we did not end up in a local minimum. The RSS could be minimized by
optimizing spectral parameters like the intrinsically unknown interfacial refractive index with
respect to commonly used literature values without changing the interpretation: in all cases a
small deviation from the hydrophobicity vector with respect to the surface normal is found for
the high-pH spectra that increases when the pH is lowered. The errors were estimated by ﬁxing
θ and ψ to varying values away from the global ﬁt maxima and re-optimizing all other parameters (appendix ﬁg. 4.A.8). We ﬁnd that the data is ﬁtted best with a rather large homogeneous
linewidth Γ (10 cm-1 ) which might reﬂect some structural heterogeneity in the system. When
using a smaller Γ of e.g. 6 cm-1 the angles obtained by ﬁtting do not change much for the low-pH
spectra (θ = 26.6◦ and ψ = 217.2◦ ). For the high-pH ﬁt the angles are θ = 58.3◦ and ψ = 282.1◦ (while
the RSS increases by 217% for the low-pH spectra and by 65% for the high-pH spectra. Hence,
changing Γ does not inﬂuence the qualitative interpretation. The same goes for ﬁxing the interfacial refractive indices to a value found for layers of adsorbed proteins of ~7.5 kDa (the molecular
weight of HFBI) 268 : while the angles obtained by ﬁtting them with the interfacial refractive index at both the sum frequency and at the visible frequency ﬁxed to 1.5 did not change much with
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respect to the ﬁt shown in the main text (in which the interfacial refractive indices were ﬁtted),
the RSS increased by 139% for the high-pH values and by 7% for the low-pH values. When both
interfacial refractive indices were ﬁxed to 1.5 the best ﬁt resulted in θ = 27.2◦ , ψ = 217.3◦ for the
high-pH spectra, and θ = 44.9◦ and ψ = 271.7◦ for the low-pH spectra. In order to achieve this reduction in the RSS the interfacial refractive indices did not have to change more than 13% from
the refractive index value found by Vörös et al 268 . Changes of the interfacial refractive indices
resulting from reorientations have been observed before. For example, for the liquid crystal 48n-octyl-4-cyanobi-phenyl a change of 36% (from 1.4 to 1.9) upon an interfacial reorientation of 10◦
was observed 179,230 . We found that a 15 cm-1 frequency shift for the PSP spectrum with respect to
the SSP spectrum (correlating with a lateral displacement of approximately 0.35 mm at the CCD
detector) decreases the RSS by 42% for the high-pH spectra (for the low-pH spectra the RSS hardly
changes). A ﬁt without this additional adjustment results in similar angles (high pH: θ =26.7◦ , ψ
= 213.7◦ , low pH: θ = 41.9◦ and ψ = 269.8◦ ), thus not changing the qualitative interpretation.
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